Computer simulation has become an efficient and cost-effective tool for the liquid composite molding (LCM) processes, including the RTM, VARTM, and resin infusion, compared to trial-and-error. The purpose of simulation is to accurately reflect the real situation. Since the simulation is predominantly based on the control volume finite element method (CVFEM), the boundary conditions such as gate and vent definition need to be properly defined. In this paper, the errors of the CVFEM based mold filling simulation were analyzed. The error sources were identified as the mesh near gates and vents, and gate definition. By conducting 3-D and 2-D simulation case studies, the influence of the gate definition on the simulation result was studied. Because many composite parts are shells and can be regarded as surfaces, 2-D simulation is favorable because of the better efficiency and simpler pre-processing. For this purpose, a method for mold filling simulation incorporating the gate size effect -the effective gate method (EGM) -was developed. This method was validated through case studies. It shows that the EGM provides an effective and efficient approach to the CVFEM mold filling simulation incorporating the effect of injection gate size.
INTRODUCTION
C OMPOSITE COMPONENTS ARE gaining more and more applications because of their superior properties. Among the processing techniques, because of the advantages of relatively low equipment and tooling costs, short cycle times and excellent design flexibility, liquid composite molding (LCM) processes have attracted considerable attention and gained the status as a preferred method for manufacturing structural composite components.
Two common LCM processes are resin transfer molding (RTM) and vacuum assisted resin transfer molding (VARTM). The RTM process can be generally divided into four steps as shown in Figure 1 [1] . In the first step, dry reinforcements are cut and/or shaped into preformed pieces and then placed in a prepared mold cavity. This is usually called preform loading. After the mold is closed and clamped tightly, resin is injected into the mold cavity, where it flows through the reinforcement preform, expels the air in the cavity, and 'wets out' or impregnates the reinforcement. This step, which is considered the most critical in the RTM process, is called mold filling. When excessive resin begins to flow out of the vent area of the mold, resin injection is stopped and the curing step begins. Curing can take from several minutes to several hours. When curing is complete, the component is removed from the mold. This final step is called demolding.
In the VARTM process, as shown in Figure 2 , only one rigid mold piece is used and the other mold piece is a vacuum bag. A highly permeable distribution medium is incorporated into preform as a surface layer. During infusion, the resin flows preferentially across the surface and simultaneously through the preform thickness enabling large parts to be fabricated.
Complete filling of the mold with adequate wetting of the fibrous preform is critical in the LCM. Incomplete impregnation in the mold leads to defective parts containing dry spots. In order to achieve good quality, processing parameters such as the locations and numbers of gates and vents need to be carefully selected.
Step 1 : Load preform
Step 2 : Inject resin
Step 3 : Cure
Step 4 : Demold Traditionally, trial-and-error techniques are widely applied in the composite industry, which mainly depend on the experience and skills of operators. It is very costly and timeconsuming. With the development of computing technology, simulation has become a powerful tool for the process design and optimization. The mathematical models for the LCM mold filling are solving for a set of partial differential equations. For this purpose, several methods including finite difference method (FDM), finite element method (FEM) and boundary element method (BEM) were employed by various researchers. FDM was the first attempt used to simulate a two-dimensional RTM process [2] . By comparing with experimental results, it was proven that due to edge effects, the computing errors were over a reasonable range, which limited further application. Um et al. [3] studied twodimensional flat molds where the permeability and the resin viscosity were constant applying the BEM and concluded that it took less time to generate mesh at each time step than required by FDM or FEM. Yoo et al. [4] and Osswald et al. [5] determined that under the limitations of simple geometry parts and isothermal Newtonian problems, the BEM method gave very accurate simulation results.
When FEM is used, mold filling simulation is based on a time dependent solution of an unsteady boundary value problem. Because of the evolving boundary it is difficult to generate a fixed mesh suitable for all the successive calculation steps of a filling simulation. Re-meshing algorithms have been studied [6, 7] . Alternatively, the control volume finite element method (CVFEM) has been the predominant method for process simulation [8] [9] [10] [11] [12] [13] [14] [15] . It forms and solves a set of equations for nodal control volumes as if they were finite elements. Mesh regeneration is not required, which makes the computation more efficient. Three major steps are needed in the CVFEM flow simulation: (1) use the FE solution to obtain the pressure distribution in the resin-filled region; (2) calculate the resin flow rates; and (3) trace the resin flow front [16] .
Traditionally, the injection gate was modeled by a single node in the CVFEM based mold filling simulation. This yields a large error in some situations and causes singularity problems. Modi et al. [17] developed an analytical solution relating the fill time to the injection gate radius for a constant pressure injection from a spherical injection gate into an isotropic media. Simacek et al. [18] used special gate elements embedded in the mesh around the injection locations. Instead of adjusting the geometrical modeling of the injection location, the adjacent elements use modified shape functions to accurately model pressure field in the neighborhood of small radial inlet. Until now, the gate definition in CVFEM based mold filling simulation is still lacking a thorough study. In this paper, the gate defining methods for 3-D and 2-D simulation were studied respectively. Because many composite parts are shells and can be regarded as surfaces, 2-D simulation is favorable because of the better efficiency and simpler pre-processing. For this purpose, a method for mold filling simulation incorporating the gate size effect -the effective gate method (EGM) was developed.
CONTROL VOLUME FINITE ELEMENT METHOD (CVFEM)
The flow of a viscous fluid through an anisotropic, homogenous, porous medium is represented by Darcy's law [19] :
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For an incompressible fluid, the mass conservation equation can be reduced to the form:
Equation (2) can be integrated over a control volume and leads to:
Using the Divergence theorem (Gauss's theorem), the control volume integral can be transformed into a control surface integral. Thus, Equation (3) can be written as:
Substituting Equation (1) into Equation (4) yields:
Equation (5) is the working equation for solving the problems of flow through anisotropic porous media and is a combination of the mass and momentum equations, while the momentum equation is represented by using Darcy's law. In order to solve such moving boundary problems as the resin flow front advances using the traditional finite element method, it requires the computation domain redefinition and mesh regeneration. Mesh regeneration needs a large amount of computation time as the domain becomes complicated. Alternatively, the control volume finite element method is used. The control volume formation is illustrated using the element configuration. As shown in Figure 3 , each four-node quadrilateral element is divided into four sub-areas by connecting the centroid to the midpoints of all four sides. A control volume is composed of four sub-areas (A), two sub-areas (B) or one sub-area (C), which have a common node at the center of the control volume. The CVFEM forms and solves a set of equations for nodal control volumes as if they were finite elements, does not require mesh regeneration. Thus, the computation is more efficient. The boundary conditions for mold filling simulation are as follows: At the flow front:
At the inlet gates:
For the constant flow rate :
At the mold boundaries:
It is assumed that at the beginning of mold filling, the control volumes enclosing the inlet nodes are filled with resin. At the flow front, a parameter f is used to represent the status of each control volume in the flow domain. If the control volume has not been occupied by the fluid, f is equal to zero. If the control volume is partially filled, f is equal to the volume fraction of the fluid occupying the control volume. f factor is set to 1 if the volume is completely filled by advancing fluid. The control volumes with f values varying between 0 and 1 are considered flow front elements. The pressure in these partially filled flow front control volumes is set to the ambient pressure. With the aforementioned boundary conditions, the set of linear algebraic equations can be solved to determine the pressure field at each time step during mold filling. Based on the calculated pressure field, the velocity field can then be computed using Darcy's law.
The time increment is selected in such a way that a control volume will be full at each time step. Sometimes, several control volumes can be filled simultaneously. After f values are updated, another pressure computation is performed for all the fully filled control volumes. The process is repeated until the whole mold is filled [9] .
ERRORS OF CVFEM BASED MOLD FILLING SIMULATION

Basic Assumptions
Several assumptions are made for the CVFEM based mold filling simulation used in this study.
1. Despite the fact that resin is usually non-Newtonian fluid, a constant viscosity value is used in simulation. This assumption can be made because of the low Reynolds number. 2. A uniform permeability and porosity is assumed. 3. For simplicity, the race tracking phenomenon is considered as a noise factor. Thus, no race tracking is assumed.
Effect of Mesh
It is well agreed that the simulation accuracy will improve when a finer mesh is used. For understanding the influence of mesh on simulation, a 100 mm Â 100 mm flat panel as Liquid Composite Molding Process Simulation shown in Figure 4 was simulated using two different mesh densities. Due to symmetry, half of the panel was meshed, as shown in Figure 5 . The two different meshes consist of 66 nodes, 50 elements and 861 nodes, 800 elements respectively. The resin was injected through a single port.
The mold filling process simulated using these two different meshes is shown in Figure 6 . When the coarser mesh is used, the computation time is 1 s and the mold filling time is 125 s. When the finer mesh is used, the computation time is 126 s and the mold filling time is 171 s. The mold filling time simulated using the coarser uniform mesh is 26.9% less than that using the finer uniform mesh. Since the pressure field is computed by FEA, it is significantly affected by mesh density. The pressure distribution simulated using these two different meshes is shown in Figure 7 . It shows that pressure distribution is extremely sensitive to the mesh density near the gate and vent. The difference in the mold filling time is caused by the difference in pressure distribution.
The simulated mold filling time and computation time are plotted against the mesh density in Figure 8 . It shows that when the mesh refines, the simulation approaches the exact solution, which is the grid convergence. However, as the mesh density increases, the computation time increases tremendously. When the mesh density changes from 10 to 100, the computation time increases over three orders of magnitudes and the simulation becomes less efficient. To achieve acceptable accuracy while maintaining the simulation efficiency, the mesh density should be typically chosen to be 40. In the further analysis, the same mesh density is used to eliminate the effect of grid convergence. 
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Effect of Gate Definition
Besides mesh density, the gate definition also has a significant effect on mold filling simulation. Traditionally, the injection gate is defined by a single node. However, this will cause significant difference from the actual mold filling process when the gate is large with regard to the molding thickness. In addition, the single node gate definition causes singularity problems.
With the same flat panel as an example, the gates defined by one node, two nodes and three nodes respectively are shown in Figure 9 . The corresponding mold filling processes are shown in Figure 10 . It shows that the more nodes used as the gate, the larger the gate size and thus the shorter the mold filling time. 
Summary of Error Sources
From the preliminary studies, the main error sources of the CVFEM based mold filling simulation can be summarized as:
1. The mesh density near gates and vents: The pressure distribution is extremely sensitive to the mesh density near the gates and vents. The finer the mesh near the gates and vents, Figure 10 . Effects of gate definition on pressure distribution and mold filling process.
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the more accurate the simulation. The mesh density near gates also determines the size of the control volumes that enclose the gates. The control volumes enclosing the gates are assumed filled at the beginning of mold filling, which is not the real. Thus, the larger these control volumes, the less accurate the simulation. 2. The gate definition: The gate definition affects the simulation result significantly. The traditional single node definition neglects the effect of injection gate size. In addition, the single node definition causes singularity problems.
In order to improve the simulation accuracy, a finer mesh is needed for the areas near the gates and vents. The injection gates should be defined properly to incorporate the size effect.
INJECTION GATE DEFINITION
3-D Gate Definition
In the LCM, the injection gate is usually a circular cross-section channel. The actual resin flow through a circular cross-section channel and the flow front development are shown in Figure 11 . At the boundary of tube, the flow velocity is 0. Thus, average velocity is given by:
where v m is given by [20] :
The volumetric flow rate is given by
In the case of constant pressure injection mold filling simulation, since the boundaries are not considered, it is assumed that the velocity profile is constant along the cross section and the flow front develops as shown in Figure 12 . The average velocity is v m . Since the volumetric flow rate should be the same as the actual flow rate, thus:
The gate diameter in simulation is given by:
For the purpose of illustrating this approach, the 100 mm Â 100 mm flat panel shown in Figure 4 was simulated by 3-D CVFEM. The molding thickness chosen is 3.175, 6.35, and 9.525 mm, respectively, and the actual gate diameter and diameter used in simulation are shown in Table 1 . The processing conditions are p 0 ¼ 0.1 MPa; ¼ 200 cP; K 11 ¼ K 22 ¼ 100 Darcy; K 33 ¼ 20 Darcy; ¼ 0.5. Half of the molding was modeled due to symmetry. The mesh at the gate is generated in such a way that the diameter of the control volume filling at the beginning of injection is the gate diameter used in simulation. For example, when the molding thickness is 3.175 mm and the gate diameter is 2.381 mm, the mesh for the gate is shown in Figure 13 . Eight nodes are used as gate nodes so that the diameter of the control volume filled at the beginning of injection is 1.684 mm, as represented by the shaded area. The mesh consisting of 1554 nodes and 1720 elements and the corresponding mold filling process are shown in Figure 14 . The computation time and mold filling time are 17 min and 173 s, respectively.
For comparison, the 3-D simulation was repeated with the single node gate definition. The mold filling time is 298 s, which is 67.4% longer. Thus, the single node gate in the 3-D mold filling simulation yields an erroneous result.
The complete 3-D simulation result using the 3-D gate defining method is shown in Table 2 .
If the mold filling time when d gate ¼ h is used as the reference, the dimensionless gate diameter and mold filling time are derived as: The dimensionless mold filling time is plotted vs. dimensionless gate diameter in Figure  15 based on the data as shown in Table 2 . It shows that t Ã fill is dependent on d Ã gate and a regression model can be developed as:
2-D Gate Definition
In the 2-D LCM simulation, cross section of the gate cannot be modeled. In order to correctly incorporate the gate size effect in simulation, the gate can be regarded as a rectangle of which the two sides are the molding thickness h and the gate width in 2-D simulationŵ gate , and its equivalent diameter is the gate diameter in 3-D simulationd gate , as shown in Figure 16 .
For a flow channel of rectangular cross-section, the equivalent diameter is given by [20] 
where K is a constant given by: The width of the gate in 2-D simulation is given by:
When the molding thickness is 3.175, 6.35, and 9.525 mm, respectively, the calculated gate width in 2-D simulation is shown in Table 3 .
The 2-D simulations were carried out using the gate width calculations shown in Table 3 . In order to consider the effect of gate size and avoid singularities, the gate is defined by several nodes in such a way that the width of the control volumes filled at the beginning of mold filling is the gate width. For example, when the molding thickness is 3.175 mm and the gate diameter is 2.381 mm, the mesh for the gate is shown in Figure 17 . Two nodes are used as gate nodes so that the width of the control volumes filled at the beginning of injection is 0.486 mm, which is the half gate width used in simulation, as represented by the shaded area. The mesh consisting of 445 nodes and 404 elements and the corresponding mold filling process are shown in Figure 18 . The computation time and mold filling time are 17 min and 173 s, respectively. The complete 2-D simulation result is shown in Table 4 .
The comparison of 2-D and 3-D mold filling simulation results using the corresponding gate defining method is shown in Figure 19 . From the results shown in Figure 19 , the following conclusions can be made: when d gate % h, the 2-D simulation matches the 3-D simulation very well. When d gate <h, the less the gate diameter, the larger the error due to the neglect of through-thickness resin flow.
Effective gate
Gate nodes 
EFFECTIVE GATE METHOD (EGM)
Because the 3-D geometric modeling and preprocessing are complicated and timeconsuming, it is highly desirable to conduct mold filling simulation in 2-D. Thus, a practical mold filling simulation method -the effective gate method (EGM) -is developed as follows. . This method was first validated using a part as shown in Figure 20 . The molding thickness is 6.35 mm and the gate diameter is 3.175 mm. p 0 ¼ 0.1 MPa; ¼ 200 cP; K 11 ¼ K 22 ¼ 100 Darcy; ¼ 0.5. The mesh and mold filling process using the developed EGM are shown in Figure 21 . The FE model consists of 188 nodes and 155 elements. The computation time is 2 s and mold filling time is 177 s. In comparison, the mesh and mold filling process from 3-D simulation are shown in Figure 22 . The FE model consists of 1182 nodes and 3745 elements. The computation time is 19 min 11 s and mold filling time is 152 s. If the mold filling time from the 3-D simulation is used as the reference, the relative mold filling simulation error is defined as;
Gate 100 mm 100 mm 60 mm It shows that by using this developed approach, the relative mold filling simulation error, ", is 16.4% and the time saving is 99.8%. Second, this method was validated by a curved part with cut-out as shown in Figure 23 . The approximate dimensions are 100 Â 100 mm. The molding thickness is 6.35 mm and the gate diameter is 6.35 mm. p 0 ¼ 0.1 MPa; ¼ 200 cP; K 11 ¼ K 22 ¼ 100 Darcy; ¼ 0.5. The mesh and mold filling process using the developed EGM are shown in Figure 24 . The FE model consists of 461 nodes and 408 elements. The computation time is 41 s and mold filling time is 142 s. In comparison, the mesh and mold filling process from 3-D simulation are shown in Figure 25 . The FE model consists of 2144 nodes and 2976 elements. The computation time is 32 min 34 s and mold filling time is 132 s. It shows that by using this developed approach, the relative mold filling simulation error is 7.6% and the time saving is 98%. 
